Immunity to the asexual blood stage of Plasmodium falciparum is complex and likely involves several effector mechanisms. Antibodies are thought to play a critical role in malaria immunity, and a corresponding in vitro correlate of antibody-mediated immunity has long been sought to facilitate malaria vaccine development. The growth inhibition assay (GIA) measures the capacity of antibodies to limit red blood cell (RBC) invasion and/or growth of P. falciparum in vitro. In humans, naturally acquired and vaccine-induced P. falciparum-specific antibodies have growth-inhibitory activity, but it is unclear if growth-inhibitory activity correlates with protection from clinical disease. In a longitudinal study in Mali, purified IgGs, obtained from plasmas collected before the malaria season from 220 individuals aged 2 to 10 and 18 to 25 years, were assayed for growth-inhibitory activity. Malaria episodes were recorded by passive surveillance over the subsequent 6-month malaria season. Logistic regression showed that greater age (odds ratio [OR], 0.78; 95% confidence interval [95% CI], 0.63 to 0.95; P ‫؍‬ 0.02) and growth-inhibitory activity (OR, 0.50; 95% CI, 0.30 to 0.85; P ‫؍‬ 0.01) were significantly associated with decreased malaria risk in children. A growth-inhibitory activity level of 40% was determined to be the optimal cutoff for discriminating malaria-immune and susceptible individuals in this cohort, with a sensitivity of 97.0%, but a low specificity of 24.3%, which limited the assay's ability to accurately predict protective immunity and to serve as an in vitro correlate of antibody-mediated immunity. These data suggest that antibodies which block merozoite invasion of RBC and/or inhibit the intra-RBC growth of the parasite contribute to but are not sufficient for the acquisition of malaria immunity.
Immunity to the asexual blood stage of Plasmodium falciparum is complex and likely involves several effector mechanisms. Antibodies are thought to play a critical role in malaria immunity, and a corresponding in vitro correlate of antibody-mediated immunity has long been sought to facilitate malaria vaccine development. The growth inhibition assay (GIA) measures the capacity of antibodies to limit red blood cell (RBC) invasion and/or growth of P. falciparum in vitro. In humans, naturally acquired and vaccine-induced P. falciparum-specific antibodies have growth-inhibitory activity, but it is unclear if growth-inhibitory activity correlates with protection from clinical disease. In a longitudinal study in Mali, purified IgGs, obtained from plasmas collected before the malaria season from 220 individuals aged 2 to 10 and 18 to 25 years, were assayed for growth-inhibitory activity. Malaria episodes were recorded by passive surveillance over the subsequent 6-month malaria season. Logistic regression showed that greater age (odds ratio [OR], 0.78; 95% confidence interval [95% CI], 0.63 to 0.95; P ‫؍‬ 0.02) and growth-inhibitory activity (OR, 0.50; 95% CI, 0.30 to 0.85; P ‫؍‬ 0.01) were significantly associated with decreased malaria risk in children. A growth-inhibitory activity level of 40% was determined to be the optimal cutoff for discriminating malaria-immune and susceptible individuals in this cohort, with a sensitivity of 97.0%, but a low specificity of 24.3%, which limited the assay's ability to accurately predict protective immunity and to serve as an in vitro correlate of antibody-mediated immunity. These data suggest that antibodies which block merozoite invasion of RBC and/or inhibit the intra-RBC growth of the parasite contribute to but are not sufficient for the acquisition of malaria immunity.
Plasmodium falciparum malaria persists as a global public health threat (23) . The development of an effective malaria vaccine is widely viewed as a critical step toward combating this disease, but replicating naturally acquired malaria immunity, which develops only after repeated P. falciparum infections, is proving to be a formidable challenge (54) . At the heart of this challenge is the apparent complexity of the immune response that underlies naturally acquired malaria immunity, a poorly understood process that likely involves several immune effector mechanisms (28) . Antibodies clearly play a critical role in acquired immunity against the blood stages of P. falciparum, as evidenced by passive transfer studies in humans (10) , but the antigen specificity of protective antibodies and their effector functions remain unclear.
An in vitro assay which correlates with in vivo protective immunity has long been sought to address these critical knowledge gaps and to facilitate the development and evaluation of malaria vaccine candidates. The growth inhibition assay (GIA) measures the capacity of antibodies to limit red blood cell (RBC) invasion and/or intra-RBC growth of P. falciparum in vitro. Several versions of this assay have been used in the preclinical phases of malaria vaccine development, particularly for apical membrane antigen 1 (AMA1) and merozoite surface protein 1 (MSP1), proteins expressed in apical organelles and on the surfaces of merozoites, the invasive form of the bloodstage parasite, respectively (1, 9, 14, 18, 25, 27, 36, 47, 49, 52, 53) . For example, vaccination of Aotus monkeys with MSP1, the most widely studied blood-stage vaccine candidate, elicits antibodies with growth-inhibitory activity (including invasioninhibitory activity) that correlate with protection against a virulent P. falciparum challenge in vivo (53) . In humans, however, the relationship between growth-inhibitory activity and protection against malaria is less clear, due in part to the fact that blood-stage malaria vaccine candidates have not yet demonstrated protective efficacy in clinical trials. In separate phase 1 studies, vaccination with MSP1 42 formulated on Alhydrogel/CPG 7909 (34) or AS02 (42) induced growth-inhibitory activity in malaria-naïve individuals, but in a subsequent phase 2b trial, vaccination with MSP1 42 /AS02 failed to protect Kenyan children from malaria (GIA results not reported) (44) . Similarly, vaccination with AMA1 formulated on Alhydrogel induced growth-inhibitory activity in malaria-naïve adults (30) but had no impact on the frequency of parasitemic episodes in a phase 2 study of Malian children (GIA results not reported) (50) . Taken together, these clinical trials suggest that vaccine-induced antibodies which block RBC invasion and/or intra-RBC growth of the parasite are not sufficient to confer protective immunity, at least not at the levels achieved in these trials; however, the results of these trials do not rule out the possibility that such antibodies are a necessary component of a multifaceted protective immune response.
Given that there are currently no effective blood-stage vaccines, the relative contribution of antibodies with growth-inhibitory activity to protective immune responses in humans can be addressed only with studies of individuals who have acquired malaria immunity through natural P. falciparum exposure. Many studies in areas where malaria is endemic have demonstrated that P. falciparum exposure is associated with growth-inhibitory activity in the total (6, 33, 37, 45) , MSP1-specific (17, 37, 43) , and AMA1-specific (24, 35, 39) IgG fractions, but relatively few studies have investigated the relationship between growth-inhibitory activity and malaria risk, and of these studies, most have used the appearance of asexual parasites in the blood as a surrogate for clinical disease. The results of these studies have varied, with growth-inhibitory activity being associated with protection from blood-stage infection in some (15, 26) , but not others (11, 37) . The few published studies to use clinical malaria as an end point did not find an association between growth-inhibitory activity and malaria risk (32, 33, 45) . Variations in the study design (particularly the clinical end point used to measure malaria risk), the intensity and timing of P. falciparum transmission at each site, and the GIA procedure employed make the collective interpretation of these studies difficult, and thus the relationship between growth-inhibitory activity and malaria risk remains unclear.
The aim of the study described here was to more clearly define the relationship between in vitro growth-inhibitory activity and the risk of clinical malaria. To this end, we used a standardized method to measure the growth-inhibitory activity of purified IgGs (30) from the plasmas of 220 children and adults collected before the malaria season. Unlike previous studies, we correlated this activity with three common measures of malaria risk: (i) whether or not malaria was experienced (odds of malaria), (ii) the time to the first malaria episode, and (iii) the number of malaria episodes per subject (incidence of malaria). The study was carried out at a site with an intense, sharply demarcated malaria season (13) , ideal for prospectively examining the correlation between growth-inhibitory activity and the subsequent risk of clinical malaria. We found that growth-inhibitory activity was significantly associated with a reduction in the odds of experiencing malaria but that it lacked the specificity to reliably discriminate malaria-immune and susceptible individuals. This is consistent with a model in which invasion and/or growth-inhibitory antibodies contribute to but do not fully explain the full range of naturally acquired malaria immunity.
MATERIALS AND METHODS
Study cohort and clinical end points. This study was carried out in Kambila, a small (Ͻ1 km 2 ), rural village with a population of 1,500 situated 20 kilometers north of Bamako, the capital of Mali. P. falciparum transmission is seasonal and intense at this site from July through December. A detailed description of the study site and cohort has been published elsewhere (13) . In May 2006, during a 2-week period just prior to the malaria season, 225 individuals aged 2 to 10 years and 18 to 25 years were enrolled after random selection from an age-stratified census of the entire village population. Enrollment exclusion criteria were a hemoglobin level of Ͻ7 g/dl, fever of Ն37.5°C, acute systemic illness, use of antimalarial or immunosuppressive medications in the past 30 days, or pregnancy. During the 2-week enrollment period, blood smears and venous blood samples were collected, and plasma was stored at Ϫ80°C. Stool and urine were examined at enrollment for the presence of helminth infections. From May 2006 through January 2007, participants were instructed to report symptoms of malaria at the village health center, staffed 24 h a day by a study physician. For individuals with signs or symptoms of malaria, blood smears were examined for the presence of P. falciparum. Patients with positive smear results were treated according to international standards. The case definition of malaria for research purposes was an axillary temperature of Ն37.5°C, P. falciparum asexual parasitemia of Ն5,000 parasites/l, and a nonfocal physical examination by the study physician. Severe malaria, as defined by the WHO (2), was included in this definition. The following three clinical end points were used to evaluate the relationship between growth-inhibitory activity measured before the malaria season and malaria risk during the 9-month study period: (i) whether or not malaria was experienced (odds of malaria), (ii) the time to the first malaria episode, and (iii) the number of malaria episodes per subject (incidence of malaria).
The ethics committee of the Faculty of Medicine, Pharmacy, and OdontoStomatology and the institutional review board at the National Institute of Allergy and Infectious Diseases, National Institutes of Health, approved this study. Written, informed consent was obtained from adult participants and from the parents or guardians of participating children.
GIA. A detailed description of IgG purification and the GIA has been reported elsewhere (30) . In brief, total IgG fractions were purified from individual plasma samples by use of protein G columns, and the eluted fractions were dialyzed against RPMI 1640 and concentrated to 25 mg/ml. Purified IgGs were incubated with O ϩ human RBC to remove nonspecific antibodies. Test IgGs (6.3 mg/ml in the final test well) were incubated with P. falciparum-parasitized RBC for ϳ40 h, and increases in parasitemia were quantified by biochemical measurement of P. falciparum lactate dehydrogenase.
Malaria slides. Thick blood smears were stained with Giemsa stain and counted against 300 leukocytes. P. falciparum densities were recorded as the number of asexual parasites/l of whole blood, based on an average leukocyte count of 7,500/l. Each smear was evaluated separately by two expert microscopists blinded to the clinical status of study participants. Any discrepancies were resolved by a third expert microscopist.
Hemoglobin typing. Hemoglobin was typed by high-performance liquid chromatography (HPLC) (D-10 instrument; Bio-Rad, Hercules, CA).
Stool and urine exams for helminth infection. At enrollment, duplicate stool samples were examined for Schistosoma mansoni eggs and other intestinal helminths, using the semiquantitative Kato-Katz method. To detect Schistosoma haematobium eggs, 10 ml of urine was poured over Whatman filter paper. One or two drops of ninhydrin was placed on the filter and left to air dry. After drying, the filter was dampened with tap water and helminth eggs detected by microscopy.
Statistical analysis. Data were analyzed using STATA (release 10.0; StataCorp LP) and JMP software (SAS, version 7.0). The Kruskal-Wallis test was used to compare continuous variables between groups, and Fisher's exact test was used to compare categorical variables. The malaria-free probability over the 9-month study period was estimated by the Kaplan-Meier curve, and times to the first malaria episode were compared by applying the log rank test. A logistic regression model was used to assess the relationship between growth-inhibitory activity before the malaria season and the subsequent odds of malaria during the study period, controlling for the effects of age, gender, ethnicity, distance lived from study clinic, self-reported bed-net use, and hemoglobin type. The same list of variables was included in Cox's proportional hazard and Poisson regression models to determine the relationships between growth-inhibitory activity and the hazard ratio and the repeated infection rate of malaria, respectively. For this analysis, growth-inhibitory activity was divided into deciles so that the regression coefficient for this variable represents the change in malaria risk with each 10% increase in growth-inhibitory activity, holding all other independent variables constant. To account for overdispersion, bootstrap test and bootstrap confidence intervals were adopted for Poisson regression. We performed the Hosmer and Lemeshow goodness-of-fit test for the logistic regression model and the deviance goodness-of-fit test for the Poisson regression model. The proportional hazard assumption was examined by using tests based on the scaled Schoenfeld residuals (20) . Partition analysis was used to determine the level of growth-inhibitory activity that best discriminated malaria-immune and susceptible individuals. This method finds a set of cuts or groupings of x values that best predict a y value by exhaustively searching all possible cuts or groupings, recursively forming a tree of decision rules until the best fit is reached (19) . Sensitivity and specificity were calculated using the cutoff value for growth-inhibitory activity. For all tests, two-tailed P values were considered significant if they were Ͻ0.05.
RESULTS

Baseline characteristics and clinical outcomes. In May 2006,
we initiated an observational cohort study in Mali to investigate the mechanisms underlying the acquisition and maintenance of malaria immunity. A detailed description of this study site and cohort has been reported elsewhere (13) . During a 2-week period 1 month prior to the 6-month malaria season, we enrolled 225 individuals (of 237 screened) in four predefined age groups: 2 to 4 years (n ϭ 73), 5 to 7 years (n ϭ 52), 8 to 10 years (n ϭ 51), and 18 to 25 years (n ϭ 49). The proportion of individuals who attended scheduled follow-up visits within the cohort design was Ͼ99% for children (2 to 10 years) and 82% for adults (18 to 25 years) during the 9-month study period. The baseline demographic and clinical characteristics of the cohort are shown in Table 1 , according to age group. As previously reported, only three of the characteristics shown in Table 1 were associated with a decreased malaria risk-increasing age, the sickle cell trait (HbAS), and asymptomatic P. falciparum parasitemia at study enrollment (13) . Notably, individuals with asymptomatic P. falciparum infection at enrollment (the end of the dry season) were not treated with antimalarials. During 495 unscheduled clinic visits, 298 cases of malaria were diagnosed, 5 of which met WHO criteria for severe malaria (2). As expected, the incidence of malaria and the proportion of individuals experiencing at least one malaria episode decreased with age, whereas the time to the first malaria episode increased with age (Table 2) .
Growth-inhibitory activity increases with age and asymptomatic P. falciparum infection. Of the 225 study participants, 220 had plasma samples available for analysis. The growthinhibitory activity distribution for all 220 subjects is shown in Fig. 1 . Inhibitory activity ranged from Ϫ7% to 97.6%, with a median of 26.0%. Growth-inhibitory activity increased with age among those with negative blood smears at enrollment ( In all age groups, growth-inhibitory activity was higher among those with concurrent asymptomatic P. falciparum infection (Fig. 2) , although the increase in inhibitory activity reached statistical significance only for the 2-to 4-year-old (P Ͻ 0.01) and 8-to 10-year-old (P ϭ 0.02) age groups. Interestingly, growthinhibitory activity in parasitemic children approached adult levels (Fig. 2) . It is notable that growth-inhibitory activity did not differ significantly by hemoglobin type (i.e., HbAA, HbAS, or HbAC).
Multivariate analysis of growth-inhibitory activity and malaria risk. We determined prospectively whether growth-inhibi- 2 . Growth-inhibitory activity by age group and whether individuals were parasitemic with P. falciparum just prior to the malaria season. Box-and-whisker plots represent the smallest and largest (whiskers), the lower and upper quartiles of (top and bottom of box), and the median (horizontal line across box) growth-inhibitory activity. Growth-inhibitory activity in nonparasitemic individuals increased with age (P Ͻ 0.001). Within each age group, the median growth-inhibitory activity was higher in parasitemic than in nonparasitemic individuals, but this difference reached statistical significance only in the 2-to 4-year-old (P Ͻ 0.01) and 8-to 10-year-old (P ϭ 0.02) age groups, as indicated by an asterisk above the bar. Sample sizes for nonparasitemic individuals were as follows: 2-to 4-year-olds, n ϭ 68; 5-to 7-year-olds, n ϭ 45; 8-to 10-year-olds, n ϭ 45; and 18-to 25-year-olds, n ϭ 46. Those for parasitemic individuals were as follows: 2-to 4-year-olds, n ϭ 4; 5-to 7-year-olds, n ϭ 4; 8-to 10-year-olds, n ϭ 5; and 18-to 25-year-olds, n ϭ 3. The nonparametric Kruskal-Wallis test was used for statistical analysis. on September 6, 2017 by guest http://iai.asm.org/ measures of malaria risk were analyzed: (i) whether or not malaria was experienced (odds of malaria), (ii) the time to the first malaria episode, and (iii) the number of malaria episodes per subject (incidence of malaria). Because the incidence rate of malaria was very low in adults during the study period (Table  2) , they were excluded from further analysis.
To adjust for potential confounding factors of the relationship between growth-inhibitory activity and malaria risk in children aged 2 to 10 years, the following variables were included in multivariate regression models: age, gender, ethnicity, distance lived from study clinic, self-reported bed-net use, and hemoglobin type (Table 1) . Because individuals with asymptomatic P. falciparum infection before the malaria season (7.1% of the cohort) had decreased malaria risk (13) and increased growth-inhibitory activity (Fig. 1 ), they were excluded from this analysis. The results of logistic regression analysis (Table 3) showed that age (odds ratio [OR], 0.78; 95% confidence interval [95% CI], 0.63 to 0.95; P ϭ 0.02), HbAS (OR, 0.23; 95% CI, 0.06 to 0.87; P ϭ 0.03), and growthinhibitory activity (OR, 0.50; 95% CI, 0.30 to 0.85; P ϭ 0.01) were associated with decreased malaria risk. Cox regression showed that age (hazard ratio [HR], 0.86; 95% CI, 0.80 to 0.94; P Ͻ 0.001) and HbAS (HR, 0.41; 95% CI, 0.21 to 0.79; P ϭ 0.01) were associated with decreased malaria risk, as measured by the time to first malaria episode, whereas growth-inhibitory activity was not (HR, 0.80; 95% CI, 0.63 to 1.02; P ϭ 0.07). Finally, Poisson regression revealed that age (incidence rate ratio [IRR], 0.91; 95% CI, 0.86 to 0.96; P ϭ 0.001), the Sarakole ethnic group (IRR, 1.53; 95% CI, 1.07 to 2.18; P ϭ 0.02), and HbAS (IRR, 0.43; 95% CI, 0.27 to 0.68; P Ͻ 0.001) were significant predictors of decreased malaria incidence, whereas growth-inhibitory activity was not. Diagnostic tests indicated that the multivariate regression analyses did not violate the assumptions of each model type.
Sensitivity and specificity analysis of growth-inhibitory activity and malaria risk. An ideal in vitro surrogate of malaria immunity would be highly sensitive and specific in discriminating between malaria-immune and susceptible individuals. We analyzed growth-inhibitory activity as a dichotomous variable-defined by the level of growth-inhibitory activity that best discriminated children aged 2 to 10 years who did not experience malaria during the study period from those who experienced at least one episode. Children who were parasitemic at enrollment were included. By partition analysis, the optimal cutoff was determined to be 40%. The odds of experiencing a malaria episode among those with growth-inhibitory activity of Ͻ40% was 10.4 times higher than that among those with growth-inhibitory activity of Ն40%. Time-to-event analysis (Fig. 3) showed that a growth-inhibitory activity of Ն40% was associated with a significant delay in the time to the first malaria episode (P Ͻ 0.001 by log rank test). The growthinhibitory activity cutoff of 40% had a sensitivity and specificity of 97.0% and 24.3%, respectively, where the high sensitivity and low specificity reflect the overlapping distributions of inhibitory activity among those who did and did not experience at least one malaria episode (Fig. 4) . a Nightly bed-net use was self-reported at the end of the malaria season. b For this analysis, growth-inhibitory activity was divided into deciles, and thus the regression coefficient for this variable represents the change in malaria risk with each 10% increase in growth-inhibitory activity, holding all other independent variables constant. FIG. 3 . Kaplan-Meier estimates of the cumulative probability of malaria in children aged 2 to 10 years during the 6-month malaria season, by whether growth-inhibitory activity was greater or less than 40%. Malaria was defined as an axillary temperature of Ն37.5°C, P. falciparum asexual parasitemia of Ն5,000 parasites/l, and a nonfocal physical examination by the study physician. The number of individuals at risk for the first malaria episode in the two groups over the course of the study period is shown below the plot. The P value was obtained using the log rank test.
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DISCUSSION
In this prospective study, we found that growth-inhibitory activity measured before the malaria season was associated with a decreased probability of experiencing clinical malaria during the subsequent 6-month malaria season, an association that remained statistically significant after adjusting for age, sickle cell trait, and other potential confounders of malaria risk. Growth-inhibitory activity was also associated with a delayed time to the first malaria episode, although this association remained only marginally significant in multivariate analysis. We found no significant association between growth-inhibitory activity and the number of malaria episodes per individual during the study period (i.e., malaria incidence). Although a growth-inhibitory activity of Ն40% best predicted protection from malaria, this cutoff lacked the specificity to discriminate those who did and did not experience malaria. This is best illustrated by the data in Fig. 4 that show overlapping distributions of growth-inhibitory activity for malaria-immune and susceptible children; in other words, there were individuals with a relatively high level of growth-inhibitory activity who got malaria and individuals with a relatively low level who did not get malaria. Taken together, these findings suggest that antibodies which block merozoite invasion and/or inhibit parasite growth contribute to naturally acquired malaria immunity but that these antibodies do not appear to be necessary or sufficient for protection.
This finding is not unexpected, since growth-inhibitory activity is a putative measure of antibodies that interfere with merozoite invasion and/or parasite growth and not with other possible components of a protective antibody response, such as (i) blocking the binding of infected RBC (iRBC) to endothelial cells (3, 4) , (ii) opsonization and destruction of merozoites and iRBC by phagocytic cells (8, 21, 40) , (iii) neutralization of toxic molecules such as glycosylphosphatidylinositol (38, 51) , and (iv) antibody-dependent cellular inhibition of parasite growth (7).
Several features of this cohort study made it well suited for assessing the relationship between growth-inhibitory activity and malaria risk. The study population was an age-stratified, random sample representing 15% of all individuals living in a rural, well-circumscribed, nonmigratory community where antimalarial drugs were provided exclusively by the study investigators. Enrollment of all study participants was completed during a 2-week period approximately 1 month prior to the abrupt onset of intense P. falciparum transmission. At enrollment, 93% of participants had blood smears that were negative for P. falciparum, obviating the need for a treatment-reinfection study design, an approach that may alter the subsequent risk of malaria (12) . Moreover, several aspects of the study favored an unbiased detection of malaria episodes: (i) the proportion of individuals who attended scheduled follow-up visits was Ͼ99% among children aged 2 to 10 years, indicating a high degree of study awareness and participation; (ii) the average distance from individuals' homes to the study clinic was 382 m, minimizing geographic and logistic barriers to the diagnosis of malaria episodes; and (iii) a study physician was available at all times at the only easily accessible health care facility in the area.
Relatively few studies have examined the relationship between growth-inhibitory activity and protection from clinical malaria. In a longitudinal study in Gambia, Marsh et al. (32) found no correlation between growth-inhibitory activity measured in dialyzed serum and malaria incidence or the odds of experiencing malaria. Perraut et al. (45) conducted a prospective study in Senegal in an area of seasonal P. falciparum transmission and found no correlation between growth-inhibitory activity measured in undialyzed serum and the incidence of malaria. More recently, McCallum et al. (33) performed a prospective study in Kenya in an area of seasonal P. falciparum transmission and found no correlation between growth-inhibitory activity measured with dialyzed serum and purified IgG and the time to the first malaria episode. In the present study, we also failed to find a correlation between growth-inhibitory activity and malaria incidence, and after adjusting for age, the association between growth-inhibitory activity and time to the first malaria episode was only marginally significant. However, unlike the study by Marsh et al. (32) , we found that inhibitory activity correlated with a reduction in the odds of experiencing malaria, based on the dichotomous variable of whether or not an individual experienced clinical malaria during the study period. Whether the various measures of malaria risk-incidence, the time to first malaria episode, and the odds of experiencing malaria-reflect the same underlying immune response is not clear, but we believe that categorizing individuals by whether or not they experience malaria is the least ambiguous one clinically and likely gives the cleanest separation of relevant immune phenotypes. The present study highlights the importance of including all three clinical end points in observational studies of naturally acquired malaria immunity whenever possible.
Other field studies have either demonstrated that growthinhibitory activity can be induced by P. falciparum exposure (6, 17, 33, 42) or focused on the relationship between total (15) or MSP1 19 -specific (11, 26, 37) growth-inhibitory activity and the risk of P. falciparum parasitemia as a surrogate for clinical malaria. Using a treatment-time-to-infection design in an area FIG. 4 . Distribution of growth-inhibitory activities in malariaimmune (no malaria episodes) and susceptible (Ն1 malaria episode) children aged 2 to 10 years. Malaria was defined as an axillary temperature of Ն37.5°C, P. falciparum asexual parasitemia of Ն5,000 parasites/l, and a nonfocal physical examination by the study physician. (15) found that higher total growth-inhibitory activities in both dialyzed and undialyzed plasmas were associated with a delay in time to infection by blood smear. The three studies which focused on MSP1 19 -specific growth-inhibitory activity used a transgenic P. falciparum line that differs only in the MSP1 19 region so that the growth-inhibitory activity attributable to MSP1 19 -specific antibodies could be quantified (43) . Two of the studies, one a cross-sectional study in Gambia (11) and the other employing a treatment-time-to-infection design in an area of Vietnam where malaria is mesoendemic (37), found no relationship between MSP1 19 -specific growth-inhibitory activity and the prevalence/density of P. falciparum parasitemia and the time to asymptomatic infection by blood smear, respectively. The third study, a treatment-time-to-infection study conducted during a malaria epidemic in Western Kenya, found that a higher MSP1 19 -specific growth-inhibitory activity delayed the time to asymptomatic P. falciparum infection (26) . It is important that these studies relied on the presence of asexual parasites in the blood as a surrogate for clinical malaria, but the interpretation of this end point is not clear, since asymptomatic parasitemia has been associated with both an increase (41) and decrease (13, 29) in the risk of symptomatic malaria. The inconsistent results reported in studies of growth-inhibitory activity and malaria risk may be due to differences in P. falciparum transmission dynamics or genetic backgrounds of the study populations or to artifacts of study design (e.g., differences in the age distribution of the study population). Another important factor is the variability in serum/plasma sample preparation methods. Unprocessed plasma may contain drugs, cytokines, complement, and other nonspecific factors that inhibit parasite growth, resulting in inconsistent growthinhibitory activity (46) . Even for studies that use purified IgG, significant qualitative and quantitative differences have been reported between IgG purification methods (5). In going forward, efforts to standardize the GIA may facilitate the comparison of results from malaria vaccine trials and observational studies of acquired immunity.
Intriguingly, many field studies showed an inverse correlation between growth-inhibitory activity and age (15, 33) or no correlation (11, 37, 45) , which is a paradox, since the gradual development of malaria immunity is thought to depend in part on the acquisition of antibodies directed against asexual bloodstage parasites (31) , an assertion strongly supported by passive transfer studies (10) . Therefore, growth-inhibitory activity, a purported in vitro correlate of the in vivo functional activity of these antibodies, would be expected to increase with age in a P. falciparum-exposed population, as we observed in the present study. The lack of correlation in other studies may be explained partly by saturation of inhibitory activity in older study populations, with mean ages reaching 23.9 years (45) and 27.5 years (37) in some studies, versus 8.9 years in our study. This possibility is consistent with results from a phase 1 trial of the AMA1 vaccine in semi-immune Malian adults, which showed no increase in growth-inhibitory activity after vaccination despite a significant increase in antibody titers (16) . Regarding the inverse correlation between age and growth-inhibitory activity, it is possible that polyclonal antibody responses to repeated infections over time generate antibodies to merozoite proteins that block invasion of RBC but also interfere with invasion-blocking antibodies (22, 35) . However, it remains difficult to reconcile this observation with the fact that malaria risk decreases with repeated P. falciparum infections and that antibodies play a key role in this response, unless protective antibodies target stages of the parasite life cycle that are not represented in the growth-inhibitory assay. Notably, we found that growth-inhibitory activity in parasitemic children approached adult levels, suggesting that children are capable of generating functional antibodies against blood-stage antigens, but without concurrent P. falciparum infection this response appeared to be short-lived compared to that in adults, who maintained relatively high growth-inhibitory activity in the absence of concurrent parasitemia. However, this does not appear to be an explanation for the inverse correlation between growth-inhibitory activity and age observed in other studies, since McCallum et al. (33) found that growth-inhibitory activities were not significantly different between parasitemic and aparasitemic individuals and Dent et al. (15) showed a trend toward higher growth-inhibitory activity in aparasitemic children and adults.
The study reported here suggests that antibodies which block merozoite invasion of RBC and/or inhibit the intra-RBC growth of the parasite contribute to but are not sufficient for the acquisition of malaria immunity. Given the complexity of P. falciparum infection and the corresponding immune response, it is likely that protective immunity against this pathogen requires multiple effector mechanisms. It therefore seems unlikely that any single assay which measures a limited subset of effector mechanisms will correlate unequivocally with protection from malaria. Rather, a panel of assays which captures innate B-and T-cell responses will probably be necessary to accurately predict protection. A comprehensive systems biology approach (48) applied to rigorously conducted prospective studies in P. falciparum-exposed populations may ultimately be needed to fully understand the signature of naturally acquired malaria immunity. Such information could facilitate malaria vaccine development by identifying correlates of protection and expediting the early screening of multiple vaccine candidates.
